Although the energetic feedback from active galactic nuclei (AGN) is believed to have a profound effect on the evolution of galaxies and clusters of galaxies, details of the AGN heating remain elusive. Here, we study NGC 193 -a nearby lenticular galaxy -based on X-ray (Chandra) and radio (VLA and GMRT ) observations. These data reveal the complex AGN outburst history of the galaxy: we detect a pair of inner X-ray cavities, an outer X-ray cavity, a shock front, and radio lobes extending beyond the inner cavities. We suggest that the inner cavities were produced ∼ 78 Myr ago by a weaker AGN outburst, while the outer cavity, the radio lobes, and the shock front are due to a younger (13 − 26 Myr) and (4 − 8) times more powerful outburst. Combining this with the observed morphology of NGC 193, we conclude that NGC 193 likely represents the first example of a second, more powerful, AGN outburst overrunning an older, weaker outburst. These results help to understand how the outburst energy is dissipated uniformly in the core of galaxies, and therefore may play a crucial role in resolving how AGN outbursts suppress the formation of large cooling flows at cluster centers.
INTRODUCTION
There is a wide agreement that the energetic feedback from AGN plays a pivotal role in the evolution of galaxies. Powerful AGN outbursts are capable of quenching the active star formation in massive galaxies, thereby producing the population of "red and dead" ellipticals. The energy input from AGN can reheat the cooling gas, and hence suppress star formation and maintain the passive nature of ellipticals (e.g. Springel et al. 2005; Croton et al. 2006; McNamara & Nulsen 2007) . Moreover, the scaling relations between galaxies and their supermassive black holes (BHs) may also be explained by AGN feedback (e.g. Silk & Rees 1998; Di Matteo et al. 2005) .
In galaxies, galaxy groups, and galaxy clusters the commonly observed signatures of powerful AGN outbursts are cavities in the X-ray gas distribution (e.g. Forman et al. 2005; McNamara et al. 2009; Bogdán et al. 2011) . Jets emanating from the BH inflate radio lobes, which displace the surrounding hot X-ray emitting gas, possibly drive shocks, and create bubbles of relativistic plasma. In a handful of systems multiple X-ray cavities are detected originating from consecutive AGN outbursts (e.g. Randall et al. 2011; Blanton et al. 2011) , which allows an exploration of AGN outburst history.
Given the importance of AGN feedback, numerical studies have attempted to describe the interaction of AGN with their surrounding gas (e.g. Ruszkowski et al. 6 Einstein Fellow 2004; Vernaleo & Reynolds 2006) . While these studies addressed various aspects of the interaction, it remains unclear if the models reflect the properties of real AGN feedback. To better understand the interaction between AGN feedback and the surrounding interstellar/intracluster material, it is crucial to explore nearby systems that exhibit signatures of past outbursts.
In this paper, we study the lenticular galaxy NGC 193 (aka UGC 408), which hosts a luminous FR-I radio source, 4C+03.01. The galaxy is located in a poor group, where the most optically luminous elliptical is NGC 194 (Geller et al. 1983 (Kalberla et al. 2005) . NGC 193 has a complex structure with several phenomena detected, such as X-ray cavities, surface brightness edges, radio lobes, and parsec-scale radio jets. While similar features were studied separately in other galaxies, NGC 193 uniquely comprises all of these. Given the complexity of NGC 193, we present our results in two papers. Here, we provide evidence that a young, more powerful, AGN outburst overran an older, weaker outburst. In the following paper, we will explore the overall morphology of NGC 193, study its large-scale dynamics, and investigate its central regions. The data analysis was performed following Bogdán & Gilfanov (2008) .
First, we filtered the flare contaminated time intervals, which resulted in a total net exposure time of 108 ks. Bright point sources were identified and masked out. We subtracted the instrumental and sky background components by using the ACIS "blank-sky" files. To correct for temporal variations in the normalization of the background components, the "blank-sky" files were renormalized by the ratio of the count rates in the 10 − 12 keV band. We built exposure maps -assuming a thermal model with kT = 0.9 keV, 0.3 Solar metallicities, and Galactic column density -to account for the vignetting effects. (Laing et al. 2011) . The initial data reduction steps were carried out with the NRAO Astronomical Image Processing System package. Gain solutions were obtained for the calibrator sources and transferred to NGC 193. The flux-scale was set by the Perley & Taylor (1991) extension to the Baars et al. (1977) scale. Each dataset from a specific VLA configuration was then imaged and several rounds of phase self calibration were carried out to refine the calibration. A final step of phase and amplitude self calibration was performed. We imported the data in CASA 2 and combined the data from all configurations. We then imaged the two datasets with the multi-scale clean algorithm. To make spectral index maps, we created images with uniform weighing, to compensate for the different sampling in the uv-lane. We also employed Gaussian uv-tapers to match the resolutions of both datasets.
The Giant The GMRT data presented in this work come directly from Giacintucci et al. (2011) .
RESULTS

A simple picture of NGC 193
In Figure 1 (top left panel) we show the 0.3 − 2 keV band Chandra image of NGC 193, which reveals the presence of diffuse X-ray emission originating from hot ionized gas. The gas distribution is disturbed, and shows the presence of cavities and sharp surface brightness edges. The 1.4 GHz VLA image ( Figure 1 top right panel) reveals somewhat asymmetric bipolar radio lobes, extending to ∼ 2 ′ in the east-west direction. Interestingly, the bipolar radio lobes are not only detected at 1.4 GHz, but also in the 4.9 GHz VLA and the 235 MHz and 610 MHz GMRT images. These evidences indicate that the BH of NGC 193 was active in the recent past.
In a simple picture, the disturbed X-ray gas distribution, the surface brightness edges, and the radio lobes are due to a recent AGN outburst. In this section, we establish the basic properties of this outburst, specifically the expansion velocity of the lobes and the occurrence time of the outburst.
To characterize the X-ray surface brightness edge at ∼ 2 ′ central distance, we build surface brightness and temperature profiles in the 0.3 − 2 keV band using circular wedges along the eastern and western sides of NGC 193 with an opening angle of 60
• (Figure 2) . The profiles show a sharp surface brightness edge and a temperature jump at the east of NGC 193, which suggest that this is a shock front produced by the supersonic expansion of the radio lobes -for the 610 MHz radio intensity levels overlaid on the X-ray image see the bottom left panel of Figure 1 . To estimate the expansion velocity, we use the Rankine-Hugoniot jump conditions across the shock front and the gas densities/temperatures upstream and downstream (Markevitch & Vikhlinin 2007; Russell et al. 2010) . From the density drop of n 2 /n 1 = 1.60 ± 0.15, we obtain a Mach number of M = 1.41 +0.12 −0.10 , while from the temperature drop of T 2 /T 1 = 1.40 ± 0.09 we deduce M = 1.13 +0.12 −0.13 . The lower Mach number obtained from the temperature jump is presumably due to projection effects. To account for this effect, deprojection could be employed, which would result in a somewhat higher Mach number. However, we do not perform a deprojection analysis, since the hot gas distribution exhibits significant deviations from spherical symmetry, which would result in large systematic uncertainties in the deprojected gas parameters.
To estimate the age of the AGN outburst, we assume that the radio lobes are on the plane of the sky (θ = 90
• ), they expand with a constant velocity of M = 1.0 − 1.5 (480 − 720 km s −1 in a 0.9 keV plasma), and they extend to 112 ′′ (∼ 34.2 kpc). Thus, the age of the radio lobes is 47 − 70 Myr. This estimate may be modified by two factors. First, the expansion may have been faster in the past (Churazov et al. 2000) , which could decrease the expansion time by a factor of 3/5 to 28 − 42 Myr. Second, if the axis of the radio lobes does not lie in the plane of the sky (i.e. θ = 90
• ), as suggested by the asymmetric radio lobes, then their real extent is larger than the projected one. Therefore, the expansion time that takes into account these effects is (28 − 42)/ sin θ Myr.
Another age estimate on the radio lobes can be obtained from computing their radiative age. To this end, we extracted the flux densities at 1.4 GHz and 4.9 GHz across the lobes and computed the corresponding spectral index (α). As shown in the spectral index map (Fig. 3) , α remains fairly flat along the east-west axis and steepens along the lobes. Assuming that the last electron acceleration occurred at the outer edge of the lobes, we fitted the observed steepening using a JaffePerola model assuming that ν break ∝ d −2 , where d is the distance from the injection source. Using the best-fit ν break = 2.0 ± 1.2 GHz and the "revised" equipartition magnetic field of 16 µG obtained from Beck & Krause (2005) , we estimate that the age of the lobes is 13 − 26 Myr. This estimate should be considered as an upper limit, since we assumed that the magnetic field is con- stant and uniform across the lobe and expansion energy losses are negligible. At the face value, the two different age estimates are broadly consistent, albeit the radiative age may be somewhat shorter.
Two consecutive AGN outbursts
Although previously we considered a simple scenario, in which the observed X-ray and radio features are due to a single AGN outburst, this picture cannot give a complete description of NGC 193 for two reasons. First, this scenario cannot account for all major morphological features. Second, this picture results in time scale estimates that are in tension with each other.
To explore and better emphasize the morphology of the X-ray gas, we construct a residual X-ray image. Therefore, we subtract an azimuthally averaged surface brightness image from the 0.3 − 2 keV band Chandra image. The thus obtained image (Figure 1 bottom right) shows the following features: (i) a pair of inner cavities in the central regions, (ii) an outer cavity in the eastern side of NGC 193, (iii) bright rims surrounding the inner cavities, and (iv) sharp surface brightness edges. While the outer cavity and the surface brightness edge is in good agreement with the distribution of the eastern radio lobe (Figure 1 bottom left) , the inner cavity pair is oriented in the north-south direction as opposed to the east-west alignment of the radio lobes. Additionally, the radio emission is not enhanced at the inner cavity, and the radio lobes extend significantly beyond them. This suggests that the inner and outer cavities may originate from two distinct AGN outbursts.
To estimate the occurrence time of the outburst that inflated the inner cavities, we derive their buoyant rise time following McNamara & Nulsen (2007) . Assuming that the cavities have a radius of 37.5 ′′ and using the gas temperature of 0.9 keV we find that t b = 78 Myr. We emphasize that due to possible projection effects this value should be considered as a lower limit. The absence of radio emission directly associated with the inner cavities also suggests an old outburst. Using the 235 MHz GMRT image and assuming a magnetic field of 10 µG (Parma et al. 2007) , we estimate that the fading time of the radio emission is ∼ 50 Myr, which places a lower limit on the age of the outburst. Note that the precise value of the magnetic field is not known, yielding a somewhat uncertain estimate.
These results hint that the morphological features of NGC 193 originate presumably from two consecutive outbursts. In this picture, an old outburst (∼ 78 Myr ago) inflated the inner X-ray cavities that are buoyantly growing at the present epoch. This outburst was followed by a younger outburst, that produced the supersonically expanding outer cavity, the shock front, and the radio lobes. A consequence of this interpretation is that the inner cavities were inflated before the outer cavities, and hence the presently observed younger radio jets overran the older X-ray cavity.
The scenario, in which the younger outburst overran an older outburst, can resolve the mismatch between the estimated time scales of the younger AGN outburst (Section 3.1). Specifically, the expansion time scale of (28−42)/ sin θ Myr obtained from the Rankine-Hugoniot jump conditions is likely overestimated. Indeed, a high momentum jet can cross the low density region nearly with the speed of light, which implies that the propagation time within the X-ray cavities is virtually negligible. Assuming that the cavities extend to 50 ′′ , the radio lobes expand at the estimated M = 1.0 − 1.5 velocity in the 50 − 112 ′′ region. Taking into account the various corrections (Section 3.1), the age of AGN outburst is (16 − 23)/ sin θ Myr, which is consistent with the 13 − 26 Myr age estimate obtained from the radio data.
By measuring the cavity power (P cav ) we estimate the energy injected to the X-ray emitting gas by the two AGN outbursts. We derive P cav from the minimal energy required to inflate the cavity and the age of the cavity (McNamara & Nulsen 2007; Bogdán et al. 2011) . For relativistic plasma, the minimal energy is obtained from the cavity enthalpy, H = 4pV , where p is the average pressure and V is the volume of the cavity.
We describe the inner cavities with two circular regions with 37.5
′′ radius (Figure 1 bottom right) and assume spherical symmetry. Using the best-fit spectrum, we derive the average electron density of n e = 4.2×10 −3 cm −3 , and the average pressure as p = 1.9n e kT = 1.0 × 10 −11 erg cm −3 . Thus, the total AGN work done by the cavities is 1.5 × 10 58 erg. Assuming that the age of the inner cavity is 78 Myr, the total cavity power is P cav = 6.1 × 10 42 erg s −1 . The outer cavity is described with a circular region with a circular region with 40 ′′ radius (Figure 1 bottom right). Since the outer cavity is not detected on the western side of NGC 193, we base our calculations on one cavity and assume spherical symmetry. From the best-fit spectrum we obtain the average density of n e = 3.5 × 10 −3 cm −3 and the average pressure of p = 1.9n e kT = 1.1 × 10 −11 erg cm −3 , and hence compute the cavity energy of 1.0 × 10 58 erg. Since this value refers to one cavity, the total cavity energy is 2.0 × 10 58 erg. Assuming the cavity age of 13 − 26 Myr, the total cavity power of the young outburst is P cav = (2.4 − 4.9) × 10 43 erg s −1 . Thus, the more recent outburst, that overran the inner X-ray cavities, is (4 − 8) times more powerful than the older outburst.
DISCUSSION
Our observation of two AGN outbursts in NGC 193 is the first example of a second, more powerful, AGN outburst overrunning an older, weaker outburst. Clear examples of multiple outbursts in group environments, such as NGC 5813 (e.g. Randall et al. 2011 ) have been reported, but all these cases the outbursts are clearly spatially separated, and the oldest outburst is also the most powerful. This is almost certainly an observational bias since it is easiest to distinguish the outbursts when they are well separated, and the oldest outburst is only detectable if it is the strongest since the shock generated by the oldest outburst will also have weakened the most. A weak pressure wave (i.e. transsonic/subsonic) from an old outburst is likely undetectable in any but the brightest, best-observed systems.
Given the small number statistics and difficulty in identifying outbursts that have overrun each other, it is not clear how common they are. Multiple, interacting outbursts could be crucial in resolving one of the long standing issues in galaxy group/galaxy cluster physicshow do AGN outbursts suppress the formation of large cooling flows at cluster centers. It is clear that regular AGN outbursts can provide sufficient energy to offset radiative losses and prevent the formation of cooling flows. How the energy of the outburst is dissipated uniformly in the core and not at larger radii is uncertain (O'Neill & Jones 2010) . Buoyantly rising bubbles will dissipate their energy non-isentropically, but much of this will occur outside the region of largest radiative losses (Vernaleo & Reynolds 2006) . Likewise, regular low-level AGN outbursts will generate sounds waves (Begelman 2001; Churazov et al. 2002) , but efficient heating of the gas in the core requires that the viscosity of the gas is a significant fraction of the Spitzer value. The entropy increase due to weak shocks is the most likely method of increasing the entropy of the gas in the core and offsetting the radiative losses (McNamara & Nulsen 2007) , but how this energy input is uniformly distributed throughout the core remains unclear.
If a strong AGN outburst is driven through an older, presently buoyant, outburst, the shock from the current outburst will be rapidly driven through the old radio bubbles since the sound speed is high (much higher than the shock speed in the thermal gas, as high as c/ √ 3 if the old radio bubble is relativistic plasma). Thus, the old radio bubble will effectively "isotropize" the shock from the more recent outburst, more uniformly distributing the heating throughout the core. Additionally, if the older radio bubble is partially shredded, the passing shock will turn the smaller clumps of radio plasma into vortex rings, and the vorticity in the gas can significantly increase the efficiency of heating the ICM (Heinz & Churazov 2005 ). The combination of variable power AGN jets with the dynamic ICM (Heinz et al. 2006) are likely the key to balancing the radiative losses in cluster cores and preventing the formation of large cooling flows. A more careful and systematic examination of archival Chandra observations of groups and clusters would provide stronger limits on the frequency with which AGN outbursts overlap.
The observational data points out that the inner cavities that originate from the older outburst have a northsouth orientation, while the younger radio lobes and the outer cavity are positioned along the east-west direction. It is feasible that the jet axis changed by ∼ 90
• between the two AGN outbursts, which may have been triggered by a recent merger that changed the black hole spin direction, and hence the orientation of the jet (Nixon & King 2013; O'Dea et al. 2013 ). However, the observed morphology can also be obtained without the reorientation of jets. According to the scenario outlined in Section 3.2, the inner cavities are due to a relatively weak outburst. Following a weak and short outburst with an arbitrary jet orientation, the inner cavities could have expanded and moved to follow the gravitational potential or even just the motion of gas in the core. Since the galaxy is approximately elongated in the northeast-southwest directions, the buoyantly moving lobes would mostly move in the same direction. The younger and more powerful jet was presumably not affected by buoyant forces, and hence it could propagate in the east-west direction, which would make it appear that the new and old jet axis are different. Thus, while a change in the jet axis is feasible, it is not required to explain the observational data.
